INTRODUCTION
Mercury is one of the most important environmental pollutants as a global level that has been released into environment in substantial quantities by natural events and anthropogenic activities. The effect of this pollution on the ecosystem and human health are growing concerns. To prevent the environmental mercury poisoning incidents, measuring and monitoring of mercury in the environment are necessitated. Classical methods such as atomic absorption spectrometry, 1) cold-vapor atomic fluorescence detection 2) and inductively coupled plasma mass spectrometry 1, 3) are widely used due to their sensitive. However, these methods need sophisticated instrumentation and highly skilled personnel, complicated sample preparation and a long measuring time period. Additionally, these physicochemical methods cannot distinguish mercurials that are available to biological systems from those that existed in the environment in a harmless inert from.
Analysis of bioavailable mercury is a very important issue in environmental and human hazard assessment studies.
Biosensors can provide rapid measurement without labor-intensive and time-consuming sample preparation and also provide a promising way to assess the biologically available pollutants in the environment. Several types of bacterial sensors aimed at measuring the bioavailability of mercury have been developed to complement physicochemical analysis. Most of the bacterial mercury biosensors reported to date was constructed by fusing the mercury inducible promoter and its regulatory gene, merR from bacterial mer-operon with a promoterless luminescence lux gene. [4] [5] [6] [7] In these bacterial sensors, the mer promoter is activated when mercury binds to the regulatory protein MerR, and luminescence is emitted when mercury is present in the bacterial cytoplasm. Since the luminescence response is quantitative, the concentration of mercury can be determined via measuring the intensity of lux-specified luminescence which was precisely regulated by the mer regulatory unit responding to the given mercury. All luminescence fusions developed to date except for the mer-controlled production of firefly luciferase, 7) only respond to nanomolar concentrations A new whole-cell bacterial sensor for the detection of low concentration of mercury in environment was constructed by gene fusion between a mercury resistance (mer) operon from pMR26 of Pseudomonas strain K-62 and a promoterless luxAB gene from Vibrio harveyi. The luminescence-based biosensor was evaluated for the selectivity and sensitivity of the detection of mercury. Cadmium, lead, chromium and zinc ions did not interfere with the assay even at same concentration compared to Hg
2+
. Methylmercury, phenylmercury and mercuric sulfide also did not affect the biosensor. These results reveal that the specificity of the construct is restricted to bioavailable Hg 2+ . The sensitivity of the biosensor was improved by decreasing the cell density in the bioassay in addition to genetically expressing an Hg 2+ transport system which was expected to increase the amount of mer operon-inducing mercury in the cytoplasm. In optimized assay conditions, the lowest detectable concentration of Hg 2+ was 2 pM with 1 ml sample. This detection limit is enough to detect this compound in many contaminated and some pristine environmental samples.
of Hg
. This sensitivity was sufficient to detect Hg 2+ in highly contaminated environments, but would be too low for less polluted environments. The more sensitive biosensor is urgently needed in the analysis of trace amounts of mercury in the environmental and clinical samples.
In the present study, a new whole-cell bacterial sensor was constructed for the detection of low concentrations of mercury by fusing the merR-o/p-merT from pMR26 of Pseudomonas strain K-62 with a promoterless luxAB gene from Vibrio harveyi. The sensitivity, selectivity and quantitative response to mercury of this luminescence-based biosensor were evaluated.
MATERIALS AND METHODS

Bacterial Strain, Plasmid and Growth Conditions
---Escherichia coli (E. coli) XL1-Blue was grown at 37°C in Luria-Bertani medium 8) and used for routine plasmid propagation. When necessary, the medium was supplemented with 100 µg/ml ampicillin. Recombinant plasmid pMRA17 carrying the broad-spectrum mercury resistance determinants (merR-o/p-T-P-A-G-B1) of Pseudomonas K-62 were used as the starting plasmid.
9) Plasmid pQF70 containing luxAB gene 10) was kindly supplied by M. Kropinski of Queen's University (Canada). Plasmid Construction ---To construct a recombinant plasmid containing the broad-spectrum resistance mer operon of pMRA17, plasmid pMRA17 was digested with BglII, and the resulting 5' overhang was filled with dNTPs by DNA polymerase I (Klenow fragment). After digestion with EcoRV, the 4.7-kb fragment (merR-o/p-T-P-A-G-B1) was inserted into the SmaI site of cloning vector pBluescript II SK (+). The resultant plasmid was designated pMR96. Plasmid pMQT containing merR-o/p-T was constructed by cloning the 1.25-kb HindIII fragment of pMR96 into the HindIII site of pQF70 (Fig. 1) . All restriction enzymes and other biochemical regents were purchased from Takara Shuzo Corp. (Kyoto, Japan) and Wako chemicals (Tokyo, Japan). Mercury Resistance Assay ---Resistance of bacteria to mercurials was determined on petri dishes according to the method of Foster et al.
11 ) The zones of inhibition of growth around the disks were measured after incubation at 37°C for 16 hr. Bacterial Accumulation of Mercury ---The mid-exponential phase E. coli cells carrying pMQT were suspended in Luria-Bertani medium contain-
. After incubation at 37°C for 10 min, the amount of total mercury in the bacterial cells was analyzed.
12)
Luminescence Measurements ---The overnight culture of E. coli carrying pMQT was grown in Luria-Bertani medium containing 100 µg/ml ampicillin at 37°C to an OD 600 of 0.4. The culture was diluted to a final cell density at 5 × 10 3 cells/ml in the assay medium containing various concentrations of metal compounds to be tested, and incubated at 37°C for 30 min. For luciferase assay, an aliquot (1 ml) of culture was transferred a luminometric curette and the biological luminescence reaction was started by adding an aliquot (35 µl) of 10% 1-decanal. Light emission by the cloned bacteria with pMQT was monitored using a Turner Designs Luminometer (Model TD-20/20, Promega, Madison, Wisconsin, U.S.A.). The total light emitted was recorded for 10 sec counting period for each curette. Results are presented as the induction coefficients, which were defined as the relative light units (RLU) of the induced samples divided by that of the untreated sample (background luminescence). Experiments were performed in triplicate, and the standard deviation was 5 to 7% of the means.
RESULTS AND DISCUSSION
Transcriptional fusion of a reporter gene such as lux or lacZ gene to a mer operon could create a bacterial strain which is able to monitor the presence of mercury by the production of quantitatively detectable reporter activity. A useful biosensor for detection of mercury requires a high sensitivity, high specificity and quantitative response toward the compounds to be monitored. Most of the mer-lux biosensors constructed to date have nanomolar sensitivity. [4] [5] [6] [7] This sensitivity was sufficient to detect mercury in highly contaminated environments, but would be too low for less polluted environments. It could be possible to enhance the sensitivity of merlux biosensor by expressing a merT-specified mercury transport system which was expected to increase the concentrations of the mer operon-inducing mercury in the cytoplasm. Because the luminescence due to the action of luciferase encoded by lux gene is controlled by the mer regulatory unit which responds quantitatively to the imported mercury in the cytoplasm.
In the present study, a new biosensor plasmid pMQT which contains merR, mer o/p, and merT from pMR26 of Pseudomonas K-62 strain 9) and a promoterless luxAB gene from Vibrio harveyi 10) for detection of low concentrations of mercury was constructed ( Fig. 1) . It should be important to confirm whether the luminescence emission from the recombinant bacteria with pMQT is induced by mercury, and the transcriptional gene expression is repressed by absence of mercury. The genetically engineered sensor bacteria did not emit luminescence under uninduced condition by mercury but obviously emitted luminescence under the condition of induction with 0.1 nM Hg 2+ (Data not shown). These results clearly suggest that the luminescence emission encoded by luxAB gene is induced when mercury is present in the cytoplasm of the recombinant bacteria.
Mercuric ion is known to be specifically transported into bacterial cells via MerT protein encoded by merT gene. [13] [14] [15] To import the inducer effectively, constitutively synthesized MerT protein was expected to enhance the sensitivity of this cellular biosensor to mercury. As shown in Table 1 , the bacterium with pMQT which contains mercury-transport gene, merT, took up more Hg 2+ and showed more susceptibility to Hg 2+ than the bacterium with pQF70.
These results indicate that mercury transport system encoded by merT is functional in the sensor bacteria. The hypersensitivity phenotype to Hg 2+ is thought to result from hyperaccumulation of toxic Hg 2+ mediated by merT in the absence of mercuric reductase activity. As expected, about two-to threefold elevation in luminescence emission from the recombinant bacteria carrying pMQT over the mutant with specific point mutations in the vicinal cysteine pair (Cys24 and Cys25) of merT, which are known to be essential for Hg 2+ transport into the bacterial cells, 15, 16) in pMQT was observed at Hg 2+ concentrations of 2 to 250 pM. This result reveals that increase mercury uptake into the cells mediated by merT would result in activating the mer promoter to a greater extent, and then yielding higher titer of luminescence. The need for mer specific transport protein to lower the detection threshold has also been reported by Selifonava et al. 6) Response of the mercury bioluminescence sensor to organomercurials and the other heavy metals was next examined. As shown in Fig. 2 , no response of the sensor bacteria to the presence of the same concentrations of CH 3 Hg + or C 6 H 5 Hg + was observed. (Data not shown). By using the optimizing assay conditions, a linear correlation was found between luminescence emission and Hg 2+ concentrations in the investigated concentration range as shown in Fig. 5 . The detection threshold of this mercury bioluminescence sensor was about 2 pM. The sensitivity obtained here exceeded earlier biosensors described for mercury by Selifonova et al. 5) and by Tescione and Belfort. 6) Rapid and sensitive measurements of mercury compounds are urgently required in various fields such as environment, food industry and medicine. The assay by using the biosensor developed in this In addition, among the heavy metals employed, only Hg 2+ induced luminescence emission by the sensor bacteria (Fig. 3) . The high specificity is thought to be due to the highly specialized and selective genetic pMR26's merR, a narrow spectrum regulator that has been shown to rigidly respond to Hg 2+ but not to organomercury. 9, 17) The biosensor also did not respond to bio-stable mercury such as metallic mercury and mercuric sulfide (Data not shown). Therefore, the mer-lux biosensor developed in this study is restricted for detection of bio-affecting Hg 2+ . In addition to genetic constructs, parameters such as cell density in the assay and measurement protocols have been reported to influence the sensitivity of bioluminescence sensor. 5, 18) To enhance the sensitivity of the mer-lux biosensor developed, the assay conditions were first optimized. The effect of cell density on the sensitivity of the mer-lux response was shown in Fig. 4 . Luminescence production induced by the sensor bacteria was highest when 5 × 10 3 cells/ml were added in the assay medium at Hg 2+ concentrations below 250 pM. With our biosensor, the number of bacterial cells could be reduced to 5 × 10 3 cells/ml. The higher cell density above that in the assay reduced the observed luminescence level, possibly because of metal adsorption by cell wall or light adsorption due to the turbidity of the cell suspension. From these results, the cell density at 5 × 10 3 cells/ml is ideal for highly sensitive mercury bioluminescence sensor developed in this study for detection of low concentration of Hg 2+ . The luminescence production by 5 × 10 3 cells/ml of the bacteria reached detectable levels within 30 min after induction with Hg 2+ concentrations below 250 pM study is simple, sensitive, gives results in a relatively short time and would allow the assessment of the biologically available fraction of Hg 2+ in many contaminated and in some pristine environments.
